Introduction
Research on`synthetic metals' evolved from a rather esoteric occupation to a lively ®eld of activity ever since the discovery, in 1977, of electrical conductivity in the simple hydrocarbon polymer polyacetylene upon oxidation or reduction (doping) [1, 2] . Conjugated polymers, though not the only class of materials known today as`synthetic metals', now form the most widely investigated group. The dramatic development of this ®eld took off in 1990, after the discovery of electroluminescence in a non-doped conjugated polymer thin ®lm sandwiched between electrodes [3] . As a result, during the 1990s, research in this highly interdisciplinary area has focused on semiconductor rather than conductor properties. Derivatives of polythiophene (PT), poly(p-phenylene) (PPP), and poly(p-phenylene vinylene) (PPV) are the major candidates for use as the active material in ®eld-effect transistors [4±6], light-emitting diodes [3,7±10] , photodetectors [11] , photovoltaic cells [12±15], sensors [16] , and lasers (solution [17] and solid state [18±21]). Besides their semiconductor properties, polymers also provide a way to obtain patterned structures by means of inexpensive techniques such as spin casting, photolithography [22, 23] , ink jet printing [24±26], soft lithography [27] , screen printing [28] and micromoulding [29] onto almost any type of substrate, including¯exible ones [30] . Some applications have already been commercialized (LEDs), while others are certainly technically feasible (plastic solar cells, electronic circuitry). There is good reason to expect that conjugated polymers will play their role in the emerging communication and information technologies, which are based on the use of optical signals for data transfer. The importance of the ®eld of conjugated polymers was recently underlined by awarding the 2000 Nobel Prize in chemistry to the discoverers of conductivity, Heeger, Shirakawa and MacDiarmid.
The main advantage offered by polymers over the traditional semiconductor materials is the versatility of processing methods, which allows a polymer to be obtained in virtually any desired shape and in composite form with many other materials. Deposition as a thin ®lm over a macroscopically large area is particularly attractive. Where classical polymer processing could be used, the processing cost would be low. For this to become a reality, the parent conjugated polymers, which are highly intractable because of their conjugated, in¯exible backbone, have to be derivatized without degrading their opto-electronic properties. With clever synthetic chemistry, impressive progress has already been made on this point. An appropriate and wellde®ned chemical structure is a prerequisite for the control of ultimate properties, but it does not end there. The properties of polymer materials depend sensitively on the details of their processing history, and each step has to be carefully carried out so as to contribute positively to the desired result.
The work described in this paper focuses on polymers for application in photovoltaic cells, which are either light sensor (photodetector) or energy conversion (solar cell) devices. Our emphasis will be on the latter application; in that arena, a well-performing organic material would have to compete with amorphous silicon with regard to energy conversion ef®ciency (around 10% for a-Si [31] ) and fabrication costs. The potential of the polymer clearly lies in the promise of large-area, mechanically¯exible, active coatings fabricated by inexpensive processing techniques.
A ®rst requirement for a photovoltaic material is photoconductivity, i.e. that charges are generated upon illumination. Subsequently then, these charges must drift (move in an electric ®eld) towards electrodes for collection. In an organic molecular material, photoexcitation does not directly yield free charge carriers. Due to the low dielectric constant of organics, an electron in the excited state is bound to its vacancy (hole) quite strongly, the binding energy being several tenths of an electronvolt [32] . This bound electron± hole pair is called an exciton. Escape from the Coulomb attraction is promoted by offering an energetically favourable pathway to an electron-accepting molecule. This is the donor±acceptor (D±A) concept, which is commonly applied to organic photovoltaic materials [12] . Dissociation of the exciton, via rapid electron transfer (,200 fs [33] ), leaves a positively charged donor molecule and a negatively charged acceptor molecule. These are cation and anion species, respectively, stabilized by charge delocalization within their conjugated systems and by polarization of their environment. Exciton dissociation occurs at the interface between donor and acceptor species, a con®guration that physicists call the D±A heterojunction. Although it is not a priori evident what the nature of this interface should be in terms of scale and geometry, optimization within the D±A concept is likely to imply that this interface be made large and easily accessible for the excitons generated. Since excitons have a ®nite lifetime, they have a ®nite diffusion range as well; hence, the requirement of accessibility naturally leads to constraints for the geometry of the interface. A spatially distributed interface with a correlation length of 10 nm would be compatible with the evolution of the exciton: the exciton would have a higher probability of reaching the interface and dissociate than to decay in another way, e.g. radiatively. After dissociation, the charges must be further separated and transported each through its own phase so as to avoid recombination before the electrode is reached.
It is not obvious how to impose such a nanometre-size and convoluted interface geometry on the mixture of donor and acceptor compounds: they would probably either mix molecularly or phase separate into nearly pure components. This is exactly the point at which block copolymers may provide the answer, because of their ability to self-structure into regular and ordered microphases [34±36] . The simplest concept would be a photovoltaic diblock copolymer consisting of a block with donor functionality linked to a block with acceptor properties. The electronic functions could be either in the main chain of the blocks or in substituents. Microphase separation would produce a suitable geometry at the proper scale that could be ®ne-tuned via the lengths of the blocks. In this context, cylindrical and bicontinuous interpenetrating morphologies are the most appropriate ones.
From the point of view of structure, there are several intriguing aspects to this approach. The limited solubility of conjugated polymers has been found to lead to aggregation phenomena in various solvents [37, 38] , which are manifested as changes in their electronic spectra [39, 40] . Liquid-crystalline phases have been identi®ed for derivatives of the major types of conjugated polymers [41] . Similar phenomena may occur for a diblock copolymer containing one conjugated block. The presence of one relatively stiff block puts this polymer in the class of rod±coil copolymers. The phase behaviour of rod±coil copolymers has been studied for only a very limited number of systems [42±44] and has turned out to be very different from the now-classical behaviour of¯exible diblocks. One may speculate that preferential solvation of the¯exible block will lead to the formation of micelle-like aggregates, lyotropic mesophases for the conjugated block, or the like, and that these superstructures will be carried over into the morphology of ®lms cast from such solutions to some degree.
For the application in photovoltaic cells, the combination of a PPV-type polymer or oligomer as the donor material with C 60 as the acceptor has proven promising [45, 46] . While PPVs are fairly good hole conductors, electron transport is poorer, which limits the performance in applications in which PPV is the sole active component. In the two-phase D±A concept for the active layer, as outlined above, this problem is alleviated, since the acceptor transports the electrons. By covalently incorporating C 60 into a polymer, materials that combine the physical properties of fullerene with the processability of polymers are obtained [47, 48] and higher quantities of the acceptor can be accommodated in a ®nely dispersed form than would be possible for pure C 60 .
The strategy behind our work having been laid out above, the subsequent sections of this paper will describe the synthesis of a D±A diblock copolymer, its physico-chemical characteristics, its behaviour in solution and its ®lm-forming properties. Finally, our ®rst results on the structural organization of the thin ®lms and their opto-electronic response will be presented.
Design and synthesis of a photovoltaic block copolymer
According to the principles discussed above, a self-structuring photovoltaic composite may be formed from a diblock copolymer consisting of a PPV block and a block densely functionalized with C 60 . For reasons to be described below, the second block will consist of a polystyrene backbone with C 60 incorporated as substituents. Since conjugated chains are less¯exible than conventional polymer chains, conjugated polymers can be regarded as rod-like, and their properties (solubility, phase behaviour) are different from those of polymers such as polystyrene. Hence, our target PPV±PS-based block copolymer belongs to the class of rod±coil copolymers. Most of the rod±coil block copolymers with conjugated polymers or oligomers as the rigid rod synthesized so far [49±56] were obtained by anionic polymerization of the coil polymer, followed by quenching, either with a reactive end-group on the rigid conjugated block or with a functional molecule to obtain an end-functionalized coil polymer that is subsequently coupled to the conjugated block. Conjugated polymers themselves are mostly synthesized by polycondensation reactions. Since polycondensations do not require initiation, growth from a speci®c site is highly unlikely. Polycondensation from an end-cap on a functionalized polystyrene block, as demonstrated by Jenekhe et al. [52] , would require 100% conversion of the polycondensation to circumvent the presence of homopolymer, unless the end-cap is much more reactive than the other reactive groups.
The exclusive use of anionic polymerization techniques to obtain rod±coil block copolymers was demonstrated by Lecle Áre et al. [55] . They anionically polymerized a precursor of the conjugated block and subsequently, after the incorporation of the second (coil) block, converted it into its conjugated form in a polymer-analogous reaction. While this method truly employs living polymerization techniques, any failure to achieve full conversion in the polymer-analogous reaction step leads to permanent defects in the conjugated block, which may adversely affect the photonic properties of the polymer.
A more versatile approach to the synthesis of (conjugated) rod±coil block copolymers is the use of an initiator for living polymerization that is attached to the rigid block. This enables one to synthesize a series of polymers with varying block length ratios from one batch of the conjugated block, which makes the comparison of different samples more straightforward. Moreover, this method allows the full characterization and puri®cation of the conjugated block before its functionalization. Marsitzky et al. [56] demonstrated this approach recently, anionically grafting ethylene oxide from a poly¯uorene block.
For the controlled formation of block copolymers with very low polydispersities, living anionic polymerization is certainly the most prominent method [57] . Drawbacks are the necessity to work under very strict conditions to avoid impurities such as water and oxygen, and restrictions with regard to functional groups [58] . Recently, this has been overcome to some extent by the development of the controlled/`living' radical polymerization techniques [59] using either stable nitroxide counter radicals [60, 61] (nitroxide-mediated`living' radical polymerization, NMRP) or atom transfer radical polymerization (ATRP) [62] . Their advantages are (a) compatibility with a wide variety of monomers, e.g. acrylates, styrenes, acrylonitrile, and derivatives, and (b) the possibility of characterizing intermediate products before reinitiating the polymerization in a different monomer solution to obtain block copolymers.
Our current strategy combines several of the more promising approaches mentioned above: we use controlled free radical polymerization to grow the coil block from an end-functionalized, substituted PPV block. We have chosen styrene as a monomer for the coil block, since it represents a well-investigated system. Accordingly, the acceptor C 60 must be incorporated as a pendant group of a polystyrene backbone. In this study, this is accomplished via atom transfer radical addition (ATRA) to 4-chloromethylstyrene (CMS) repeat units [63] . Our work has demonstrated the bene®ts of employing a statistical copolymer of styrene and CMS in this procedure rather than a CMS homopolymer, to reduce crosslinking between multifunctional entities (C 60 , polyCMS). At a styrene/CMS ratio of 2:1, the degree of functionalization with C 60 should be suf®cient to provide a continuous path for electrons (percolation). Hence, in our approach, styrene and CMS are the comonomers in the NMRP from a PPV-based macroinitiator. In addition to the aforementioned advantages of NMRP, radical polymerization does not interfere with either the ole®nic double bonds of the PPV part, or the substituents on its phenyl rings. A similar methodology, yielding ABA block copolymers in a one-pot synthesis, was recently introduced by Klaerner et al. [64] .
The synthesis of the monofunctionalized poly(1,4-(2,5-dioctyloxy)phenylene vinylene) (DOO-PPV) block is outlined in Fig. 1 . Suitable conjugated blocks can be prepared along two approaches: (a) step-by-step synthesis of well-de®ned conjugated oligomers [49±51, 65, 66] , or (b) one-step synthesis of conjugated polymers with relatively high, controllable molecular weight (around or above the effective conjugation length) and with relatively low polydispersity [52,53,64,67±74] . Although the oligomer route has the advantage of exact control of end-groups and molecular weight, it is extremely time-consuming for higher molecular weight polymers. Hence, we use the Siegrist [75, 76] polycondensation technique, originally described by Kretzschmann and Meier [77, 78] , to obtain PPV blocks with exactly one aldehyde end-group. The subsequent attachment of the initiator to the rigid PPV block occurs via the nucleophilic attack of a Grignard reagent to the aldehyde group. An excess of the Grignard reagent guarantees complete functionalization, as was demonstrated by the disappearance of the aldehyde signal at 10.4 ppm in 1 H NMR, while the solubility of the initiator allows one to obtain the desired macroinitiator compound (PPV-TEMPO) by precipitation. The alkoxyamine initiator containing a bromide group for the formation of the Grignard reagent can be easily obtained by the reaction of TEMPO with Br 2 , followed by the addition of styrene, as described by Kobatake et al. [79] and shown in Fig. 1 as well.
The average degree of polymerization of the PPV block can be determined either by end-group analysis with 1 H NMR or by UV±Vis spectroscopy. As 1 H NMR relies on the comparison of huge and small signals, it loses its accuracy with increasing molecular weight or when signals overlap. This analysis, based on the peaks of the methyl endgroup at 2.2 ppm and the signals for the OCH 2 groups at 4.0 ppm, yielded an average degree of polymerization of 10 repeat units for the macroinitiator PPV-TEMPO. In a comparison of its UV±Vis spectrum with spectra of phenylene±vinylene oligomers [80] , a length of seven repeat units was found from the absorption maximum at 467 nm, with clear indications of the presence of some higher oligomers. The latter was corroborated by GPC using UV detection. The calculations of the molecular weights of the entire block copolymers are based on a value of seven repeat units M n 2:5 £ 10 3 g=mol for the PPV block. To investigate the`living' character of the polymerization, the TEMPO-functionalized PPV block was used as a macroinitiator in NMRP of styrene, as depicted in Fig. 1 . Samples of the PPV-b-PS system were taken after time intervals of 50, 95, and 105 min. Based on the (accurate) determination of block weight ratios from 1 H NMR endgroup analysis (a comparison of the OCH 2 groups at 4.0 ppm with the aromatic contribution from polystyrene between 6.2 and 7.2 ppm), one calculates the molecular weight of the PS blocks to be 3.6, 6.3, and 7.0 kg/mol, respectively [63] . The solubility of the PPV block in the monomer solution limits the controlled polymerization of styrene by the PPV-based macroinitiator to a low conversion of styrene. At higher conversion, aggregates of the PPV blocks are formed during the reaction, resulting in a poor control over the molecular weight and polydispersity of the block copolymers. Nevertheless, increasing molecular weights with polymerization time are obtained. While GPC experiments also indicated an increase in molecular weight with conversion, those results cannot be used as absolute values due to the lack of appropriate standards for calibration.
Since it is our objective to bring PPV and C 60 together in one molecule, we synthesized a statistical copolymer of styrene and CMS from our PPV-based macroinitiator. A feed ratio of styrene/CMS of 2:1 was chosen to prevent crosslinking and ensure solubility of the ®nal, C 60 -containing block copolymer. 1 H NMR analysis of the block copolymer indicated that the actual ratio of styrene to CMS is 1.5, and that the molecular weight of the styrenic block is 9 kg/mol. Subsequently, this block copolymer was functionalized with C 60 . Fig. 2 shows TGA traces and UV±Vis spectra of the starting PPV-b-poly(S-stat-CMS) and the C 60 -containing block copolymer. The increase in residue at 5508C from 14 to 60 wt% upon functionalization of the rod±coil block copolymer with C 60 is very well visible in the TGA graph (Fig. 2, top) . This indicates an average of 15 fullerene molecules per chain, and translates into one C 60 for every two reactive sites in the starting polymer. In the bottom part of Fig. 2 , weight-normalized absorption spectra are shown. The absorption band of the PPV block is centred around 465 nm. The C 60 -functionalization by means of ATRA little affects the absorption band of the PPV block, indicating that the conjugation remains intact. A spectroscopic determination of the C 60 -content of PPV-b-P(Sstat-C 60 MS), using a C 60 -containing model compound as the reference for a weight-normalized value of the absorbance at 330 nm, yields 45 wt% and agrees excellently with the TGA result [63] .
Aggregation of PPV-based block copolymers in solution
The suitability of the block copolymers described above for application in photovoltaic devices relies, among other things, on the abilities of the respective blocks to function as electron donor and acceptor, and as charge transport media. As outlined above, the structure and morphology of the solid are crucial factors to both these functions. Both local order and morphology of a thin ®lm obtained from a polymer solution by means of casting procedures will re¯ect the chain's microstructure, i.e. its conformation, entanglement topology, and the local order of aggregated segments, just prior to solidi®cation or vitri®cation. The solidi®cation process will proceed far from equilibrium conditions because of several factors, such as the temperature gradients caused by a rapid evaporation of solvent at the ®lm surface, the accompanying concentration gradients and diffusive transport, and, in the case of spin-casting, bulk¯ow patterns. Admittedly, all these processes will certainly affect the microstructure during the transition from solution to solid ®lm. The essential parameters governing the process may be assessed in ®rst approximation, though only with caution, from a study of aggregation and solidi®cation behaviour as a function of solvent quality and temperature under equilibrium conditions. Aggregation in solutions of PPV-derivatives has been observed and the spectroscopic characteristics of the more common polymers (MEH-PPV, DOO-PPV) in various solvents as well as of the ®lms produced from them have been quite extensively studied. Both temperature and solvent quality dramatically affect the wavelength (photon energy) of photoluminescence (PL) and the PL ef®ciency in solution [39, 40, 81] and affect the opto-electronic properties of the polymer ®lm as well. For example, the luminescence from a solution of DOO-PPV in toluene was found to be gradually quenched upon cooling below room temperature, which was attributed to a strong reduction in solubility and the concomitant formation of aggregates [40] . The relative importance of intrachain and interchain (intersegment) interactions with respect to electronic excitations in polymer systems is still a topic of great interest as well as controversy [39,40,81±84] .
In the case of diblock copolymers, the different solubilities of the two blocks in a given solvent will undoubtedly lead to a rich phase behaviour. In an environment that preferentially dissolves one of the blocks, we expect aggregation of the other block to give rise to the formation of micelles or even more complex mesophases [85] . In the DOO-PPV-based diblock copolymers described in this study, the PPV blocks could form the core of the micelles, and in view of their stiffness and restricted length, they might well form lyotropic nematic domains in speci®c solvents. The substitution pattern on the PPV block plays an important role in this respect. Fig. 3 shows the temperature dependence of the UV±Vis absorption and PL of PPV 3.9k -b-PS 22k in chloroform and in carbon disul®de. Clearly, in chloroform, both the absorption and¯uorescence spectra do not change signi®cantly upon cooling the solution from room temperature to 2208C, indicating that chloroform remains a fairly good solvent for the whole block copolymer chain over this temperature range. The slight red shift may be due to a reduction of thermal motions such as ring librations and hence a slight increase in conjugation (length).
Spectroscopic investigations
Relative to the spectra in chloroform at the same temperature, the spectra obtained from solutions of the block copolymer in CS 2 are red-shifted. The temperature dependence of the peak wavelengths is slightly stronger in the latter solvent, but qualitatively similar. Since absorption and luminescence curves show equal shifts, these spectra are predominantly of single-molecule origin. Chain conformation adjustments as well as stabilization of the excited state by dipole rearrangements and induced-dipole effects are the likely cause of these thermochromic shifts and need not be elaborated upon here. The only remarkable feature is the emergence of an additional band around 630 nm upon cooling of the solution in CS 2 . On the basis of additional results, to be described below, we attribute this peak to emission from an aggregated state. Since CS 2 dissolves polystyrene rather selectively, especially at lower temperatures, it seems reasonable to expect some form of aggregation of the PPV blocks.
Instead of employing different solvents, the quality of the medium can be varied by adding a poor solvent to a good solvent. Fig. 4 shows the results of increasing the fraction of acetone, a non-solvent for PPV, in a chloroform/acetone mixture containing 2 £ 10 22 mg=ml PPV-b-PS. Since both these liquids are good solvents for polystyrene, one expects a much reduced solubility only for the PPV blocks in such a mixture. For a more detailed description, one would have to take preferential solvation into account, but this will be neglected in our discussion. The absorption spectra, little detailed as they are, broaden with increasing acetone content. While the maximum shifts slightly to the blue, the tail of the red edge moves out considerably. A blue shift is also observed for the¯uorescence maximum initially at 540 nm; it moves about 0.07 eV. At higher acetone content, the¯uorescence spectra have become more structured, and this is of great help in setting up the simplest model that is consistent with our results. Whereas the PL shoulders and maxima around 575 nm (2.15 eV) and 625 nm (1.98 eV) can be easily taken as belonging to the vibronic progression (of 0.17 eV), we think that such a change in the Frank±Condon envelope is not plausible. We propose that these emerging features are actually a manifestation of a different species, an aggregate formed upon decreasing the solvent quality for the PPV block. This idea is supported by the spectrum obtained for the cast ®lm: its PL has maxima at the aforementioned energies. Given the level of detail in the PL spectrum from this species, it is probably quite well de®ned from point of view of structure. The solution PL spectra are composites of single-molecule contributions (peaking around 540 nm) and aggregate contributions. This corroborates the idea of micelle formation, where such particles are in dynamic equilibrium with single molecules (unimers); the concentration of the latter remains ®xed at the so-called critical micelle concentration. While a change in polymer concentration will merely change the number ratio between the two species, a change of the thermodynamic conditions may affect the structure and size of the micelle (see Section 3.2). The PL spectrum of the cast ®lm has contributions from aggregate structures only. This does not imply that interchain arrangements are particularly uniform throughout this solid ®lm, but ultrafast energy migration will ensure that the lowest-energy sites exclusively contribute to the PL. Not so for the absorption spectrum of the ®lm, however, which is also broadened with respect to the spectrum from chloroform solution, and quite similar to the spectra from the mixed-solvent solutions. An extension on both the blue and the red sides of the single-molecule spectrum can be attributed to H-type aggregation and understood as modelled by Kasha et al. [86] . Dipole±dipole interactions in the excited state lead to a level splitting in which the higher level (blue-shifted) is one-photon allowed and the lower level (red-shifted) is one-photon forbidden. Any deviation from the strict H-type arrangement, or disorder, would introduce a ®nite transition probability from the ground state to the lower-level excited state. This would explain the tailing of the red edge of the absorption spectra.
For the PL, the lower-lying aggregate state would be the only relevant state, because of ultra-fast internal conversion from the higher state. We note that inhomogeneous broadening due to disorder would be limited in the solid, as a result of energy diffusion. Since emission from the lower state has a low probability in H-type aggregates, it remains very relevant within the context of opto-electronic properties to measure the lifetime and quantum ef®ciency of this state [87] , to assess the relative importance of the various possible deactivation pathways.
We have assessed the PL decay at 535, 585 and 630 nm upon excitation at a wavelength of 465 nm, using a Hamamatsu streak camera. All three experimental curves could be ®tted well with a biexponential law. For each of the three wavelengths, we found similar time constants t 1 240^40 ps; t 2 710^20 ps; and approximately equal weights as well. The spectral overlap between the two components has prevented us from making a more accurate determination of the individual contributions. Further experiments are necessary to resolve these components and to assess whether or not additional, weaker components are present.
Small-angle neutron scattering studies
For a further characterization of the aggregation behaviour of PPV-b-PS, we have used small-angle neutron scattering (SANS). The experiments were carried out at the pulsed neutron source at ISIS, UK [88] . In these experiments, we employed mixtures of deuterated chloroform and deuterated acetone to vary the solvent quality and we explored the range of 0±50 vol% acetone. To obtain practicable exposure times, a polymer concentration of 2 mg/ml (ca. 0.2 wt%) was used, which is 100 times as high as that for the spectroscopic measurements. With exposure times of 1.5±4 h per sample, the counting statistics are still moderate, especially at high CDCl 3 content, due to neutron absorption by chlorine. We have evaluated our data by ®tting them to model curves calculated by means of the program ®sh [89] , assuming a spherical core±shell particle with an additional transition layer between core (PPV part of block copolymer molecules) and shell (PS blocks, swollen). The shell density has a ramp pro®le as well (Fig. 5) . The results indicate an increase of both r inter and r shell with increasing acetone content. The size of the dense core (r core ) is probably around 2.5 nm; it is less well de®ned by the data, which have a usable scattering vector range q 0:1±1:9 nm 21 : An additional measurement of a 0.1 wt% polymer solution in the 1:1 solvent mixture yielded dimensions similar to those found for the 0.2 wt% solution, which supports the idea of micelle formation. The calculated density contrasts are not entirely consistent yet with the simple picture of solid core and swollen shell. The discrepancy between measured data and ®t at the smallest angles may indicate that a more elongated particle shape [90] or polydispersity is the source of the deviations. The current data do not warrant more detailed modelling, however.
Self-organization of PPV-based block copolymer in solid ®lms
It is our objective to reveal the relationships between the self-organization behaviour of our novel rod±coil block copolymers in selective solvents, the processing conditions, and the morphology of thin ®lms thus produced. The results presented in Section 3 have demonstrated that changes in the thermodynamics of the environment result in quite complex and as yet unexplored behaviour of the rod±coil diblock copolymer chain. There are several clear indications of aggregate formation, accompanied by changes in the optical properties. The mesoscopic forms of self-organization are likely to be the`nuclei' for solidi®cation.
In this section, we will show that speci®c solution environments give rise to particular solid-state morphologies at various length scales. It is crucial to be able to interrelate these properties since the opto-electronic functionality that we are ultimately interested in, relies critically on a balance between intrachain and interchain electronic phenomena. In addition, phase morphology and higher levels of structuring, spanning several orders of magnitude in length scale, will affect the ef®ciencies of concurrent opto-electronic processes to different degrees. Hence, the processing history of the polymer is of decisive importance for its opto-electronic functionality. The fascinating results obtained so far demonstrate that this line of research is well worth pursuing.
Highly ordered hexagonal pattern on micrometre length scale
It was recently observed that rod±coil block copolymers and amphiphiles, cast from appropriate solvents as thin ®lms on solid substrates, spontaneously form highly ordered, micro-porous honeycomb structures with a characteristic length scale [70,91±101] . These ®lms, with pore sizes in the order of micrometres, may ®nd applications in photonic and opto-electronic devices, catalysis, thermal insulation materials and membranes. Our PPV-based block copolymers are another prime example of this phenomenon [63, 101] . Upon drop casting a 0.1 wt% solution of PPV-b-PS in CS 2 onto a glass slide in a¯ow-hood, we observed the condensation of water on the surface of the liquid ®lm. After complete evaporation of the solvent, the samples revealed a highly ordered, two-dimensional, hexagonally close-packed air hole structure in the polymer ®lm (Fig. 6) . In optical transmission (top), the bright spots correspond to the cavities, which transmit the light completely. The¯uorescence microscopy (bottom) reveals the honeycomb structure itself and indicates that the¯uorescent block (PPV) is homogeneously distributed in the solid ®lm.
Scanning electron microscopy (SEM) clearly displays the open surface structure of the polymer ®lm with hole diameters of 2±3 mm and the presence of spherical cavities with a diameter of 3±5 mm (Fig. 6, bottom, inset) . The SEM images also show that the cavities in the polymer ®lm are mutually connected. However, it is not clear at the moment whether these connections are created during the preparation of the ®lm for SEM imaging, or whether their occurrence is an intrinsic phenomenon in the formation of the polymer ®lm.
We believe that the cavity pattern originates from the presence of water droplets, which at one stage form a two-dimensional uniform array [102] . The water condensation on the thin ®lm of polymer solution and the subsequent water droplet formation, due to surface instabilities like Rayleigh±Be Ânard, Marangoni [103] or Be Ânard [104] , which constitutes the template for the honeycomb formation, is the result of the cooling of the ®lm surface during the evaporation of carbon disul®de. During the evaporation process, the surface reaches a minimum temperature of 268C, as measured with an infrared thermometer. When CS 2 has evaporated completely, the water droplets have become immobilized in the polymer ®lm. The sample then warms up, resulting in the expansion and subsequent evaporation of the encapsulated water droplets, after blistering the very thin top layer of the polymer ®lm. This blistering process leaves behind a volcano-like structure at the polymer surface, as revealed with atomic force microscopy (AFM) (Fig. 6, top, inset) . These remarkable structures have also been obtained for the D±A block copolymer PPV-b-P(S-stat-C 60 MS) (Fig. 1) [63] .
A highly ordered structure of this type can be utilized to trap solar light into the polymer layer by diffraction and guide the incident light into the polymer ®lm, thus increasing the conversion ef®ciency of photovoltaic cells [105] . The spherical cavities will also decrease the re¯ection of non-perpendicular incoming light in photovoltaic devices. This concept was proven by forcing an elastomeric mould with a patterned grating on a thin polymeric ®lm [105] . Using the spontaneously formed honeycomb structures would eliminate the additional processing step.
We found that the highly ordered honeycomb structure cannot be obtained via drop-casting from chloroform. One of the differences with a solution in CS 2 is that in the latter, aggregates may be formed at the lower temperatures reached during solvent evaporation, as indicated by our studies on solution behaviour described in Section 3. Because of the viscosity change accompanying it, aggregation in solution may play an essential part in the honeycomb self-structuring phenomenon.
Microphase separation of semiconducting block copolymers
Our spectroscopic studies show that PPV-b-PS exhibits a completely different behaviour in CS 2 than in chloroform. The differences in the chain conformation in solution are re¯ected in distinct morphologies of the polymer ®lms. When the PPV-based block copolymers are cast from chloroform or o-dichlorobenzene, the resulting ®lm exhibits a microphase-separated morphology but no higher-level structuring. Both PPV-b-PS and PPV-b-P(S-stat-C 60 MS) give rise to similar microphase ordering (Fig. 7) . AFM imaging in tapping mode on a spin-cast ®lm revealed elongated domains of a fairly uniform thickness of approximately 15 nm. This size is compatible with a double layer of the PPV blocks. The AFM images do not resemble traditional images of highly ordered phase-separated coil±coil block copolymers. This is probably due to the rod-like character of the PPV block. Rod±coil polymers have been found to exhibit morphologies quite different from coil±coil polymers [42±44] . Moreover, we have observed that the homopolymer form of our conjugated block, with its symmetrically (dioctyloxy-) substituted phenylene±vinylene repeat units, exhibits a liquid-crystalline phase between 55 and 1858C, where the lower transition temperature is most likely related to side-chain melting. The presence of this mesogen may strongly in¯uence the formation of the microdomains in the block copolymer [106] . The morphologies that we have obtained do not exhibit an ordered pattern and prompt us to study the phase behaviour in more detail. Still, our ®ndings show that our ®rst objective of inducing microphase separation in D±A block copolymers to control the scale of the interface between donor and acceptor moieties is feasible.
Photovoltaic response of D±A block copolymers
The incorporation of C 60 moieties into one block of a diblock copolymer was aimed at satisfying two requirements for ef®cient operation as a photovoltaic material: (i) creating an accessible D±A interface at which dissociation of excitons into separate charge carriers is promoted, thus reducing the probability of decay along other routes, of which luminescence is one; (ii) providing separate pathways for transport of holes (via PPV) and electrons (via C 60 ), thus reducing the recombination probability. A reduction of the PL yield relative to the non-functionalized diblock copolymer is a ®rst indication that an effective D±A interface has been created by incorporating the electron acceptor C 60 . Fig. 8 shows the PL dynamics of ®lms of PPV-b-P(S-stat-CMS) and PPV-b-P(S-stat-C 60 MS). Whereas PPV-b-P(S-stat-CMS) exhibits long-lived PL extending into the nanosecond range, the PL decay time of the D±A block copolymer falls within the time resolution of our set-up (50 ps). With C 60 incorporated, the PL intensity is reduced by three orders of magnitude. These results are taken as evidence for an ef®cient, very rapid electron transfer from the donor block (PPV) to the acceptor (C 60 ). Both ®lms exhibit similar morphologies, which makes the comparison legitimate.
As discussed above, the performance of a photovoltaic material is very sensitive to its morphology. In an ideal situation, when the morphologies are optimized in terms of exciton dissociation and charge transport, the photovoltaic performance of a D±A blend should be as good as that of the block copolymer based on the same donor and acceptor. The absence of any control over the phase separation in a blend, however, is likely to result in discontinuities of the donor and/or acceptor phases, because of the formation of isolated domains. In the case of the D±A block copolymer, even in the absence of any control, the length scale of phase separation will be much smaller. This increases the D±A interface relative to that of the blend and promotes the formation of continuous pathways for charges. Therefore, one should observe an enhancement of the photovoltaic response upon going from a blend of donor and acceptor homopolymers to the D±A block copolymer. In either system, mixing of donor and acceptor at the molecular scale may introduce increased energy level disorder in both phases, which results in an increase of the charge trap density and in a reduction of the electron and/or hole mobility.
Photovoltaic cells were fabricated by spin-casting a 1 wt% solution of polymer onto a poly(3,4-ethylenedioxythiophene)/poly(styrene sulphonate) (PEDOT/PSS) layer (70 nm) on ITO-covered glass substrates, resulting in a ®lm thickness of approximately 100 nm. A 1:1 molar ratio blend of PPV homopolymer (seven repeat units) and a statistical copolymer P(S-stat-C 60 MS) (with a S/C 60 MS molar ratio of 2:1, M n 17 000 g=mol) was compared with a block copolymer PPV-b-P(S-stat-C 60 MS) (Fig. 1) . Both blend and block copolymer contain the same amount of C 60 and PPV to ensure that a direct comparison is meaningful. On top of the spin-cast ®lms, a 100 nm thick aluminium electrode was vapour-deposited to complete the sandwich-structured cell. The current versus voltage (I±V) curves of devices constructed from the blend and the block copolymer under monochromatic illumination of 1 mW/ cm 2 at 458 nm are plotted in Fig. 9 . It clearly demonstrates the superior response of the D±A block copolymer over the blend of the two constituent homopolymers. Characteristic parameters such as open-circuit voltage (U oc ), short-circuit current (I sc ) and sensitivity (S) are much better for the device based on the block copolymer. The open-circuit voltage, U oc , is de®ned as the bias voltage at which the diode current becomes zero; the short-circuit current, I sc , is the diode current at zero bias [31] . The photovoltaic sensitivity, S, is de®ned as the ratio of I sc and the power of the incident light.
Based on a simple model of the metal±insulator±metal (MIM) diode and assuming both contacts to be neutral, one would expect the saturated open-circuit voltage to be approximately equal to the difference of the workfunctions of the two electrodes. Unlike the value of the Al workfunction, which is well accepted to be 4.3 eV, the value for a standard PEDOT/PSS layer is uncertain; according to published results, it is around 5.0 eV. Therefore, the measured open-circuit voltages correspond to the MIM model prediction. Although both blend and block copolymer show almost complete quenching of the¯uorescence in the solid state, the obtained collection ef®ciencies (the ratio of collected electrons and absorbed photons) are signi®-cantly smaller than unity. This could be attributed to several processes among which the following two seem to be the most important ones. Firstly, exciton dissociation upon photoexcitation could be neither the only nor the main energy deactivation pathway. Energy transfer could compete with the dissociation, or the charge separation might not be effective. Secondly, the trap densities for electron and/or hole transport may be very high, resulting in a signi®cant space-charge ®eld. A veri®cation of the exact mechanism requires an additional study on the electronic structure, charge transport and photophysics of the blend and the block copolymer.
The results presented above, obtained on materials that still leave ample room for optimization as far as microstructure is concerned, seem to validate our strategy towards composite materials for photovoltaic applications, as outlined in Section 1.
Concluding remarks and outlook
Structuring at the nanometre level is one of the features of functional materials of the new generation, including, but not limited to, opto-electronic materials. Most ef®ciently and elegantly, this structuring should be accomplished through self-organization of matter rather than by manipulation or machining, wherever possible. The idea seems to be highly applicable to block copolymers, which can be chemically ®ne-tuned to show phase separation at the proper scale and to possess the desired chemical, physical and electronic properties.
We have succeeded in making a diblock copolymer PPVb-P(S-stat-C 60 MS) with each block having an electronic function, and we have con®rmed some of its targeted, photovoltaic characteristics. Its structuring behaviour in solution (aggregates) and in the solid (at nano-and micrometre scales) has been revealed. Many aspects still require optimization, and because of the rod±coil nature of the macromolecule, this must proceed in a largely unexplored region of parameter space. This task may be intimidating, but then again rewarding too, as novel phenomena are discovered.
With chemical routes towards conjugated polymers being so different from those employed for conventional polymers, synthetic chemists face an enormous challenge in dealing with block copolymer architectures. The introduction of block copolymers, however, into the arena of organic opto-electronics will give well-established polymer science an opportunity to make its long-awaited, substantial contribution to this vibrant ®eld. Fig. 9 . Photovoltaic response of a PPV-b-P(S-stat-C 60 MS) D±A block copolymer (B) compared with a blend of donor homopolymer and acceptor polymer (A) under monochromatic illumination of 458 nm. U oc : opencircuit voltage, J sc : short-circuit current density, S: sensitivity, FF: ®ll factor. The ®ll factor is de®ned as the maximum electrical power (IV) max that can be extracted from a photovoltaic diode divided by the product of maximum current I sc and maximum voltage U oc .
